UBQLN2 450−624 oligomerizes and undergoes temperature-responsive liquid−liquid phase transitions following a closed-loop temperature−concentration phase diagram. We recently showed that disease-linked mutations to UBQLN2 450−624 impart highly varying effects to its phase behavior, ranging from little change to significant decrease of saturation concentration and formation of gels and aggregates. However, how single mutations lead to these properties is unknown. Here, we use UBQLN2 450−624 as a model system to study the sequence determinants of phase separation. We hypothesized that UBQLN2 450−624 regions previously identified to promote its oligomerization are the "stickers" that drive interchain interactions and phase separation. We systematically investigated how phase behavior is affected by all 19 possible single amino acid substitutions at three sticker and two "spacer" (sequences separating stickers) positions. Overall, substitutions to stickers, but not spacers, substantially altered the shape of the phase diagram. Within the sticker regions, increasing hydrophobicity decreased saturation concentrations at low temperatures and enhanced oligomerization propensity and viscoelasticity of the dense phase. Conversely, substitutions to acidic residues at all positions greatly increased saturation concentrations. Our data demonstrate that single amino acid substitutions follow a molecular code to tune phase transition behavior of biopolymers. Figure 4. Oligomerization propensities of different UBQLN2 mutants. Representative SEC profiles of UBQLN2 mutants at 10 μM (thinnest line), 100 μM (medium-thick), and 500 μM (thickest) protein concentrations. For each mutant, WT SEC curves were plotted in gray for visual comparison.
■ INTRODUCTION
Liquid−Liquid phase separation (LLPS) is a process by which a solution of macromolecules demixes into a species-rich liquid dense phase in equilibrium with a species-poor dilute phase. LLPS is hypothesized to underlie the assembly of biomolecular condensates essential for various cellular processes. 1, 2 In phaseseparating proteins, a major characteristic is multivalency, the existence of multiple associative motifs of intrinsically disordered segments or structured domains that form intraand interchain interactions. 3−5 Accumulating evidence shows that phase transition behavior is encoded in the amino acid sequence. 6−8 Mutations can tune the conditions necessary for LLPS, as well as the material properties of these condensates in vitro and in vivo. 9, 10 Indeed, dysregulation of condensate dynamics, assembly, and/or disassembly is linked to diseases, including amyotrophic lateral sclerosis (ALS) among others. Therefore, deciphering the molecular code that drives phase transitions of biopolymers is key to understanding diseases, as well as designing stimuli-responsive polymers with emergent properties.
The "stickers" and "spacers" framework is emerging as useful language to describe the physical origins of LLPS behavior in proteins. Stickers are the associative motifs that drive LLPS, whereas the spacers connect the sticker regions and tune LLPS behavior as well as impart flexibility. 11−13 The chemical basis of sticker interactions that govern phase transition behavior varies across phase-separating systems. For instance, Arg and Tyr residues in the FUS family of proteins use cation−π and π−π stacking interactions to drive LLPS. 8 The hydrophobic effect modulates LLPS of elastin and elastin-like proteins and other proteins such as Pab1. 14−16 Aromatic residues are essential for mediating TDP-43 LLPS. 17 Electrostatic interactions formed via clusters of either positively or negatively charged residues stabilize Ddx4 protein droplets. 18 These experimental data must be combined to deduce the molecular grammar underpinning LLPS at physiological conditions for biological systems. Indeed, π−π contact propensity can be used to predict LLPS based solely on amino acid sequence. 19 Evaluating the effects of amino acid substitutions on phase transition behavior requires elucidation of full phase diagrams that map the conditions where the solution phase separates into protein-dilute and protein-dense phases. For some systems, the protein-dense phase also intersects a liquid−gel phase boundary, where the dense phase undergoes gelation, a transition from liquid droplets to a noncovalent physically cross-linked network of molecules. 11 The equilibrium protein concentrations in the protein-dilute and protein-dense phases are described by the binodal or coexistence curve comprising both low and high concentration arms. The low concentration arm defines the protein saturation concentration (c s ), below which the system will be mixed and homogeneous, and above which, the system will form a distinct second phase such as protein-dense liquid droplets. 20−22 Coexistence curves are determined by the free energy of the system thereby including entropy of mixing, as well as the enthalpies of protein−protein, protein−solvent, and solvent−solvent interactions. The complex interplay of these terms provides the thermodynamic basis for LLPS in biological systems. Obtaining experimental phase diagrams and predicting these via computational modeling and/or simulation are ideal metrics to determine the molecular driving forces of phase separation and phase separation-driven gelation. 11, 23 Therefore, experimental systems are needed to address this goal, as emphasized in recent literature. 22, 24 We established a model biopolymer system, the C-terminal construct of UBQLN2 (450−624), to which we could experimentally map the effects of single amino acid substitutions on phase transition behavior. We recently demonstrated that UBQLN2, a proteasomal shuttle factor involved in cellular protein quality control mechanisms, phase separates under physiological conditions, and that UBQLN2 450−624 generally mimics the LLPS behavior of full-length UBQLN2. 25 Furthermore, UBQLN2 450−624 can be easily expressed and purified from bacteria, enabling the establishment of a large mutagenesis library to study the sequence effects on phase transitions. We previously identified regions of UBQLN2 450−624 important for oligomerization and hypothesized that these same segments are the stickers that drive LLPS. To test this hypothesis, we systematically substituted each of the natural amino acids into three sticker and two spacer positions and obtained low-concentration arms of temperature−concentration phase diagrams. In agreement with the stickers and spacers framework, only sticker substitutions substantially altered the shape of temperature− concentration phase diagrams, whereas spacer substitutions only marginally affected coexistence curves. Increasing hydrophobicity of the amino acid substitution shifted coexistence curves such that UBQLN2 phase separated at lower temperatures and concentrations. Our data illustrate that single amino acid substitutions at designated positions in the amino acid sequence of a protein substantially modify phase transition behavior of biopolymers. These data can be used to benchmark analytical and computational models of phase transitions.
■ METHODS
Subcloning, Protein Expression, and Purification. UBQLN2 mutants were generated from UBQLN2 450−624 using Phusion Site-Directed Mutagenesis Kit (Thermo Scientific). A tryptophan codon was added to the C-terminal end of all constructs to facilitate determination of protein concentration ( Figure S1A ). UBQLN2 450−624 and all the mutants were expressed and purified as described by Dao et al, 2018 . 25 Briefly, the constructs were expressed in Escherichia coli Rosetta 2 (DE3) pLysS cells in Luria−Bertani (LB) broth at 37°C overnight. Bacteria were pelleted, frozen, lysed, then purified via a "salting out" process. NaCl was added to the cleared lysate to the final concentration of 0.5−1 M. UBQLN2 droplets were pelleted and then resuspended in 6 M urea, 20 mM sodium phosphate, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM tris(2-carboxyethyl)phosphine (TCEP), 0.02% NaN 3 (pH 6.8). Leftover NaCl and urea were removed through HiTrap desalting column (GE Healthcare). All the cysteine mutants were subjected to size exclusion chromatography (SEC) over a Superdex 75 HiLoad 16/600 column (GE Healthcare) or an ENrich SEC 650 10 × 300 column (Biorad) to remove dimer contaminations. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gels were performed to confirm the purity of the proteins ( Figure S2A ). The identity and molecular weight of each mutant was verified using electrospray mass spectrometry in positive mode on a Shimadzu 8040 MS ( Figure S2B ). Purified proteins were frozen at −80°C.
Spectrophotometric Absorbance/Turbidity Measurements. Protein samples were prepared by adding protein (from stock to a final concentration of 50 μM unless otherwise noted) to cold sodium phosphate buffer (pH 6.8, 20 mM NaPhosphate, 0.5 mM EDTA, 0.1 mM TCEP, 0.02% NaN 3 ) containing 200 mM NaCl and were kept on ice for at least 5 min before the assay. Absorbance at 600 nm was recorded as a function of temperature by a Beckman DU-640 UV/vis spectrophotometer using a temperature ramp rate of 2°C/ min increasing from 16 to 60°C and then ramped down to 16°C
. Net absorbance values were recorded after subtracting the absorbance value of a buffer control. Results were averaged from data collected using proteins from at least two separate preps and four trials for each (total n ≥ 8) ( Figure S2C ). Data were plotted using Mathematica (Wolfram Research).
Phase Diagram Measurements. For the lower critical solution temperature (LCST) phase transition, that is, mapping the phase boundary as temperature is increased, protein samples were prepared as described for the turbidity measurements. For the upper critical solution temperature (UCST) arm, protein samples were prepared by mixing protein and buffer/salt solutions that were incubated at 63°C for at least 10 min. Absorbance at 600 nm was recorded as a function of temperature by a Beckman DU-640 UV/vis spectrophotometer using a temperature ramp rate of 2°C/ min decreasing from 60 to 16°C. Two trials (n = 2) were conducted using four to five different concentrations of wildtype (WT) and mutant UBQLN2 450−624 proteins for each arm. The protein concentrations were chosen to cover as wide a range as possible to allow observation of phase separation during the temperature ramps but not at the starting temperatures (16 and 60°C for LCST and UCST arms, respectively). Cloud-point temperatures were determined by fitting a Four Parameter Logistic Regression model to the data ( Figure S3 ). 
Cloud-point temperatures used were the points of inflection (c). Cloud-point temperatures were then used to define the coexistence curve as a function of protein concentration. The temperature ramp rate was either 1 or 2°C/min, whichever yielded the most reproducible, consistent turbidity profiles and phase diagrams. Specifically, a 1°C/min ramp rate was used for the LCST arms of hydrophobic and aromatic substitutions. Bright-Field Imaging of Phase Separation. UBQLN2 450−624 constructs were prepared to contain 100 μM protein in 20 mM NaPhosphate, 200 mM NaCl, 0.1 mM TCEP, and 0.5 mM EDTA (pH 6.8). Samples were added to MatTek glass-bottom dishes that had been coated with 5% bovine serum albumin (BSA), to minimize changes as a result of surface interactions, and incubated at 37°C. Phase separation was imaged on an ONI Nanoimager (Oxford Nanoimaging Ltd.) equipped with a Hamamatsu sCMOS ORCA flash 4.0 V3 camera using an Olympus 100 × /1.4 N.A. objective. Images were prepared using Fiji 26 and FigureJ plugin. 27 Droplet Fusion Assays. UBQLN2 450−624 constructs were prepared to contain 100 μM protein in 20 mM NaPhosphate and 0.5 mM EDTA (pH 6.8), except for P506W at 25 μM protein and P506E and V538E at 300 μM protein. Samples were added to MatTek glass-bottom dishes that had been incubated with 5% BSA (to minimize changes as a result of surface interactions) and incubated at 37°C. Phase separation was initiated with the addition of NaCl to a final concentration of 200 mM. After 10 min of incubation, droplet formation was imaged as time-lapsed sequences for 3 min on an ONI Nanoimager equipped with a Hamamatsu sCMOS ORCA flash 4.0 V3 camera using an Olympus 100 × /1.4 N.A. objective. Five trials were performed for each mutant. Droplets chosen for analysis were of similar size and ranged between 2 and 4 μm, except for V538E (8 μm) and P506E (5 μm). For each mutant, eight fusion events were chosen for analysis and saved as separate TIFF images including frames from the initial fusion event.
Relaxation times (time it takes for two fusing droplets to return to a round shape) were determined by manually measuring the major axis (a) and the minor axis (b) in pixels using Fiji software 26 and calculating the aspect ratio as α = a/b. We monitored the fusion events in this way, until the droplets reached their most relaxed state, or until the aspect ratio was approximately equal to 1. The aspect ratio for each fusion event was fit to an exponential decay curve in Matlab (Mathworks).
where α 0 is the initial aspect ratio, x is time, and τ gives the characteristic relaxation time.
Size Exclusion Chromatography. Purified UBQLN2 constructs at different concentrations (10, 100, and 500 μM) were subjected to chromatography over an ENrich SEC 650 10 with STI1-II, PXX, and UBA domains colored as cyan, magenta, and green, respectively. Highlighted in yellow are regions identified by NMR to promote UBQLN2 oligomerization and hypothesized to be stickers. 25 Red and blue labels represent sticker and spacer positions studied here, respectively. Immediately below marks the location of ionizable residues and their expected charge state at pH 7. All of the arginines and most of the negatively charged residues reside in the folded UBA domain. (B) Fraction of the different types of amino acids in UBQLN2 450−624, which is high in hydrophobic, polar, glycine, and proline and depleted of aromatic and charged residues. Pie chart follows the general organization in Ruff et al. 2018 . 22 (C) Results from spectrophotometric turbidity assay as a function of temperature comparing LLPS of different UBQLN2 mutants using 50 μM protein in 20 mM NaPhosphate and 200 mM NaCl (pH 6.8). The blue asterisks represent WT UBQLN2 turbidity profile for each position. The red asterisks represent mutants that form unevenly distributed aggregates at one point during the assay. P497H, S, N, and Q formed aggregates early in the experiment, whereas P506N and Q aggregated at temperatures above 44°C. Turbidity profiles of amino acid substitutions at each position are separated by amino acid type: aromatic, hydrophobic, basic, polar, and acidic. Hypothesized stickers and spacers are color-coded red and blue, respectively, at the top.
× 300 column (Biorad) on a Biorad NGC FPLC system. Experiments were conducted using 250 μL of protein at ambient temperature using 1 mL/min flow rate in pH 6.8 buffer containing 20 mM NaPhosphate, 0.5 mM EDTA, and 0.1 mM TCEP with no added NaCl.
■ RESULTS
Library Generation of UBQLN2 Mutants. We previously characterized the LLPS properties of full-length UBQLN2 and several deletion constructs, including UBQLN2 450−624. 25 We showed that UBQLN2 oligomerization is a prerequisite for UBQLN2's ability to phase separate in vivo and in vitro, as expected and observed for many other LLPS systems. For detailed biophysical analyses, we focused on UBQLN2 450− 624 ( Figure S1A ), whose small size (∼175 amino acids) enabled the use of nuclear magnetic resonance (NMR) spectroscopy to monitor backbone amide chemical shifts as a function of protein concentration on a residue-by-residue basis. We observed concentration-dependent chemical shifts for residues 450−509, 555−570, 592−596, and 615−620, indicating that these residues are involved in UBQLN2 oligomerization ( Figures 1A and S1A ,B). Here, we hypothesized that the residues in these segments comprise the sticker regions that drive UBQLN2 phase separation. The amino acid compositions of these sticker regions and of UBQLN2 450− 624 are hydrophobic and polar (Figures 1B and S1A,C), consistent with other polymers that phase separate as temperatures increase such as elastin-like polypeptides (ELPs). 15 We recently showed that ALS-linked mutations P497H, P497L, P497S, P506A, P506S, and P506T, but not P525S, significantly altered UBQLN2 450−624 LLPS properties. 43 Interestingly, on the basis of our NMR data, residues P497 and P506 are in a sticker region, and P525 is in a spacer region. We hypothesized that mutations in the sticker regions would greatly affect both the dense and dilute phases (e.g., saturation concentrations, droplet morphology, droplet fusion kinetics), whereas mutations in the spacer regions would not. To test this hypothesis, we sought to determine the effects of amino acid substitutions at these three positions as well as at an additional sticker position, V564, and spacer position, V538, in the UBQLN2 450−624 background, hereafter referred to as UBQLN2 ( Figure 1A ). All five positions reside in the intrinsically disordered segment between residues 450 and 580. 25 We generated all 19 possible amino acid substitutions at each of these positions for a total of 95 mutant constructs. We expressed and purified wild-type and mutant UBQLN2 proteins from E. coli. As done previously, we used salt-induced phase separation and centrifugation to separate UBQLN2 from the rest of the E. coli lysates and then desalted into non-phase separating pH 6.8 buffer containing 20 mM NaPhosphate. Proteins were more than 95% pure ( Figure S2A ).
Turbidity Assays Screened for Effects of Amino Acid Substitutions on LLPS. To systematically screen for the effects of UBQLN2 mutations on LLPS, we monitored the change of A 600 values between 16 and 60°C of samples containing a fixed protein concentration and buffer composition (see Methods). Previous work from our lab showed that high and low A 600 values correlate with UBQLN2 droplet formation and droplet clearance, respectively. 25 To ensure reproducibility, we repeated these assays a minimum of eight times using at least two purified protein stocks ( Figure S2C ).
Wild-type UBQLN2 undergoes two temperature-responsive phase transitions ( Figure 1C ). First, UBQLN2 phase separates as temperature is increased between 16 and 45°C. This phase transition has an LCST, below which the protein solution is always mixed, regardless of protein concentration. Second, a solution of phase-separated UBQLN2 becomes less turbid as temperature is increased between 45 and 60°C. This second phase transition has a UCST, above which the protein solution is always mixed. Together, these data are indicative of phase behavior following a UCST + LCST closed-loop phase diagram (Figure 2A ). 22 Turbidity was generally reversible when temperature was decreased from 60 to 16°C ( Figure  S2D ). These results are consistent with our prior work. 43 Focusing first on the overall turbidity assay trends across all positions, we immediately noticed that mutations in sticker positions 497, 506, and 564 substantially impacted the temperature ranges where phase separation was observed, as compared to mutations in spacer positions 525 and 538. There is considerable variation in the extent of phase separation among the different amino acid substitutions in the sticker positions. It is important to note that, for positions 497, 506, and 525, the wild-type amino acid is proline, whereas for positions 538 and 564, it is valine. Regardless of the wild-type amino acid, the trends for spacer positions 525 and 538 were nearly identical. In contrast, the overall extent of phase separation for the sticker substitution at position 564 was greatly reduced compared to positions 497 and 506. The turbidity data across the five positions were consistent with our initial hypothesis that residues 497, 506, and 564 are stickers, whereas residues 525 and 538 are spacers ( Figure 1C ).
Second, we organized our turbidity assay results by amino acid type: hydrophobic (A, G, I, L, M, P, V), aromatic (F, W, Y), basic (H, K, R), acidic (D, E), and polar (C, N, Q, S, T). We note the difficulties in assigning amino acids to these classes, particularly G and P, due to their roles in modulating protein flexibility and solubility. 28 We presented our amino acid substitutions in terms of decreasing hydrophobicity, largely following the experimental hydrophobicity scale determined by Urry et al., 1992 . 29 Among the sticker positions 497, 506, and 564, increased hydrophobicity promoted UBQLN2 LLPS and lowered the temperature threshold for phase separation. Aromatic substitutions at the sticker positions decreased the temperatures when phase separation was first observed, in many cases below 16°C, the starting temperature of the experiment. Notably, the effects on the mutations on the turbidity profiles varied by position even among stickers. For example, UBQLN2 mutants with Ile or Phe substitutions at position 506 remained turbid for the entire temperature range (16−60°C), whereas phase-separating solutions of P497F and P497I began clarifying at 40°C. These observations illustrated that Ile and Phe substitutions to both P497 and P506 impact LCST and UCST phase transitions but via different mechanisms. Of the 95 mutants, only six visibly aggregated during the turbidity assay experiments: P497H, P497S, P497N, P497Q, P506N, and P506Q ( Figure S2E ). Of these, two are disease-linked mutations (P497H and P497S). Although the effects of the spacer mutations on LLPS were much less drastic compared to those in the sticker positions, we still observed large increases in the absolute intensity of the absorbance signal, especially among substitutions to aromatic and more hydrophobic residues. It is possible that these substitutions made the spacer positions more sticker-like, hence increasing the degree of phase separation of the solution.
The Journal of Physical Chemistry B Article Morever, the turbidity assay does not directly measure the number of droplets but the scattering of the samples. Scattering is highly dependent on differences in the size of the droplets, which might change as the result of the substitutions. One notable similarity between stickers and spacers was the effect of Asp and Glu substitutions, both of which significantly disrupted phase separation at all positions tested. Together, these data emphasize that perturbations to LLPS properties of proteins are very sensitive to both the type of amino acid substitution and the position in the amino acid sequence.
Effects of Amino Acid Substitutions on Phase Diagrams. To quantitatively compare the effects of single amino acid substitutions on phase transitions of UBQLN2 and determine the driving forces for UBQLN2 phase separation, we experimentally obtained temperature−concentration phase diagrams for the 19 substitutions at two representative positions: a sticker residue (P506) and a spacer residue (V538) (Figure 2) . At a protein concentration for which no LLPS was observed at the start of the experiment, we performed temperature-ramping turbidity assays and determined T cp (infl), the cloud-point temperature at the inflection point of the transition ( Figure S3 ). 30 There are other methods to characterize the conditions when phase transitions occur, including using microscopy to monitor onset or applying a threshold to changes in absorbance-temperature curves. For practical reasons, we chose the inflection point, T cp (infl), for comparison across different protein samples. The experimental T cp values at different protein concentrations were used to map the coexistence curves ( Figure 2 ). Since UBQLN2 exhibits both LCST and UCST phase transition behavior, T cp associated with the LCST transition was determined by increasing temperature from 16 to 60°C, whereas T cp values associated with the UCST transition were determined by starting turbidity assay experiments at 60°C and ramping down to 16°C (see Methods). We tried these experiments at low (μM) as well as high (up to 3 mM) protein concentrations. However, the protein solutions were always cloudy or contained aggregates at the higher concentration ranges at the start of the experiments (both 16 and 60°C). Therefore, we focused on obtaining the low-concentration arm (c s ) of the coexistence curves ( Figure 2A ). As expected from the turbidity assays ( Figure 1C ), the experimental phase diagram for WT UBQLN2 resembles that of a UCST-LCST closed-loop phase diagram, indicating two temperatureresponsive phase transitions between 16 and 60°C ( Figure  2B) .
Strikingly, amino acid substitutions at sticker position 506 not only shifted the position of the coexistence curves but also changed the overall shape of the phase diagram ( Figure 2B ). Meanwhile, amino acid substitutions at spacer position 538 
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Article only mildly shifted coexistence curves but generally displayed a phase diagram with similar shape to that of WT. In other words, mutations at position 538 minimally perturbed the c s needed for LLPS. These observations are entirely consistent with the expected behaviors of stickers and spacers. 8, 20 The major exceptions to these observations were acidic amino acid substitutions, for which the c s values of the dilute phase were greatly increased for all positions (see below).
Among the classes of amino acid substitutions, aromatic and hydrophobic amino acid mutations at sticker position 506 substantially affected the phase diagram of UBQLN2. Furthermore, increasing hydrophobicity of the amino acid substitution correlated with decreasing c s values of the LCST phase transition. The coexistence curves all shifted to the left as hydrophobicity of the amino acid substitution increased. These data are completely consistent with our prior work that showed lowered c s of UBQLN2 for hydrophobic disease-linked mutations T487I and P497L. 43 Together, the data suggest the importance of the hydrophobic amino acids in driving UBQLN2 phase separation. Indeed, many of the amino acids in sticker regions are hydrophobic, as we previously characterized ( Figure S1A ). 25 At position 506, aromatic substitutions substantially changed the shape of UBQLN2's phase diagram, but differently depending on the amino acid. Tyr and Trp mutations shifted the UCST arm of the phase diagram downward compared to WT, with UCST cloud-point temperatures below 50°C at least up to 200 μM protein concentrations. On the one hand, the Phe substitution was always phase separated over the entire temperature range tested, except at low protein concentrations (<20 μM). In contrast, the Phe substitution at position 538 minimally impacted the overall shape of the phase diagram, while all aromatic substitutions at this position imposed a leftward shift of the coexistence curves to lower protein concentrations. Notably, we could not obtain V538 Tyr and Trp UCST phase transition cloud points, since we could not establish clear baselines at 60°C for any protein concentrations that exhibited turbidity during the temperature ramping assays. Therefore, these cloud-point values are likely to be greater than 60°C. We speculate that the aromatic substitutions impart stickerlike properties to position 538, thus decreasing the c s values for LLPS. It is apparent that π-stacking interactions involving aromatic amino acids promote LLPS in other systems, such as FUS and TDP-43. 8, 17 Polar substitutions at the sticker but not spacer position affected the phase diagram of UBQLN2. This makes sense given the polar amino acid composition ( Figure 1B) . At position 506, both LCST and UCST transitions were perturbed. Interestingly, the LCST transitions of Ser, Thr, and Gln substitutions nearly superimposed, while the UCST arm of the coexistence curves decreased in the order C > S > T. We also noted that five of the six substitutions that produced aggregates ( Figure S2E ) were polar substitutions: P497S, P497Q, P497N, P506Q, P506N.
Basic amino acid substitutions shifted coexistence curves to the left, with little difference among the three basic amino acids (His, Lys, Arg). The effects were more substantial for the sticker position than for the spacer. Interestingly, acidic amino acid substitutions had the opposite effects and greatly increased the saturation concentrations needed for UBQLN2 LLPS, as well as narrowing the temperature region where the protein phase-separated. We speculate that these effects can be partially explained by the bulkiness of the side-chain substitution (for Arg and Lys, whose side chains have some hydrophobic character) as well as the charge state of the UBQLN2 construct. At 25°C, the predicted pI or isoelectric point of the UBQLN2 450−624 construct is ∼4.4, with less than 7% of the protein containing ionizable residues ( Figure  1B) . This means that the protein is negatively charged at pH 6.8, the pH chosen for our experiments. Introduction of positive charges provides attractive Coulombic interactions between the substitution and the overall charge of the protein, thereby promoting intermolecular interactions between UBQLN2 molecules to drive phase separation. In contrast, acidic substitutions may do the opposite, potentially providing repulsive interactions between UBQLN2 molecules and decreasing phase separation.
Hydrophobic Sticker but Not Spacer Substitutions Altered Droplet Morphology and Increased Viscoelastic Properties. Mapping the lower concentration arms of the phase diagram allowed us to evaluate the effects of the substitutions on the dilute phase. However, what are the consequences of the substitutions on the dense phase? To answer this, we first used brightfield microscopy to investigate the morphology of UBQLN2 droplets of representative amino acid substitutions from the different classes of residues, including W (aromatic), G and L (hydrophobic), R (basic), Q (polar), and E (acidic) across the five positions studied here ( Figure 3A) . In general, the droplet morphologies at these different positions correlated well with the turbidity assay results. Mutants exhibiting similar turbidity profiles as WT UBQLN2 (e.g., P525 and V538 mutants) produced spherical droplets of similar size as WT. Mutants that exhibited significantly enhanced turbidity (P497W, P497L, P506W, P506L) also formed amorphous droplets ( Figures 1C and 3A) . Microscopy also confirmed the existence of aggregates as observed in the turbidity assays for P497Q (P506Q aggregates were observed at temperatures higher than 37°C during the turbidity assays and therefore were not seen under the microscope). Surprisingly, acidic substitution E, which showed little or no turbidity at the condition tested, appeared to form small aggregate-like species at all five positions at our experimental conditions. Over time, these aggregate-like species sometimes morphed into droplets as observed for V538E ( Figure 3A) . Consistent with our hypothesis, mutations at spacer positions 525 and 538 (except V525R, P525E, and V538E) had minimal effects on the morphology of the droplets, while mutations at sticker positions 497, 506, and 564 elicited different morphologies ranging from round like WTlike to amorphous droplets and/or aggregates.
To describe the effects of amino acid substitutions on the properties of the dense phase quantitatively, we analyzed droplet fusion kinetics. We noticed that, for many substitutions, two fusing droplets relaxed into spherical shapes within seconds, while for other substitutions, spherical shapes were not achieved within a 3 min experimental window ( Figure 3B ). Since the sphericity of droplets stems from surface tension, the rates of droplet fusion report on droplet viscosity and surface tension. 31 To assess the liquidity of mutant UBQLN2 droplets, we measured the time it took for two fusing droplets to return to a spherical shape (or round in two dimensions). We extracted relaxation times from droplet fusion measurements for seven amino acid substitutions at the sticker and spacer positions, 506 and 538, respectively, of protein samples that had been incubated in phase-separating conditions for 10 min (Figure 3B,C) . Remarkably, droplets for
The Journal of Physical Chemistry B Article V538 mutants fused quickly and with similar relaxation times as that for WT UBQLN2, despite the markedly different types of amino acid substitutions tested. These observations are fully consistent with the spacer characteristics expected for position 538, in that spacer amino acid substitutions minimally perturbed phase separation properties. In contrast, the type of amino acid substitution at sticker position 506 had a substantial impact on the rate of droplet relaxation. Bulky aromatic and hydrophobic substitutions resulted in significantly slowed droplet relaxation events, but not for polar and ionizable substitutions. These data suggest that hydrophobic and aromatic amino acids promote UBQLN2 intermolecular interactions that increase viscoelasticity of UBQLN2 droplets as well as drive UBQLN2 phase separation (see below).
Hydrophobic and Aromatic Sticker Substitutions Increase UBQLN2 Oligomerization. As UBQLN2 oligomerization is a prerequisite for phase separation, 25 we probed UBQLN2 self-association propensity using SEC under nonphase separating conditions (i.e., 20 mM NaPhosphate without added NaCl). We previously demonstrated that WT UBQLN2 is monomeric at low protein concentrations (up to ∼100 μM) but forms higher-order oligomers at higher concentrations (∼500 μM). 25 Indeed, SEC peak elution volumes for WT decreased as protein concentration increased between 10 and 500 μM, as expected for UBQLN2 oligomerization. Therefore, we subjected representative mutants at each position to size exclusion chromatography using three protein concentrations (10, 100, 500 μM).
All of the mutants studied exhibited concentration-dependent oligomerization; increasing protein concentrations led to a decrease in elution volume (Figure 4) . Strikingly, almost all of the spacer mutants (P525 and V538) exhibited a concentration dependence that followed the pattern of WT UBQLN2. The only exception was P525E, where a small population of large particles eluted near the void volume (∼9 mL). Of all the E mutants, P525E showed the most aggregates by microscopy ( Figure 3A) . Among the sticker mutants, four oligomerized substantially more than WT: P497W, P497L, P506W, and P506L. Sedimentation velocity analytical ultracentrifugation experiments showed that hydrophobic mutations T487I and P497L also produced high-order oligomers. 43 V564W and V564L oligomerized slightly more than WT but not to a significant extent, since the wild-type amino acid is valine, which is already hydrophobic. These data suggest that aromatic and hydrophobic substitutions promote UBQLN2 selfassociation and thus drive LLPS at lower protein concentrations than WT ( Figure 2 ) and enhance the viscoelasticity of droplets (Figure 3 ).
■ DISCUSSION
How amino acid substitutions alter thermoresponsive phase transition behavior of proteins is critical to elucidating the driving forces of phase separation. Here, we demonstrated that both LCST and UCST phase transition behaviors of UBQLN2 can be differentially tuned by single amino acid substitutions. The observations herein provide evidence that the stickers and spacers framework is useful to predicting the positions in a given amino acid sequence that drive phase separation behavior. 8, 12, 20 Regardless of amino acid type, substitutions at sticker but not spacer positions elicited major changes to the overall shape and characteristics of the phase diagram ( Figures  2 and 5 ).
Our original hypothesis considered the stickers of UBQLN2 to be residues that exhibited large concentration-dependent changes in amide chemical shifts obtained by NMR spectroscopy. 25 In the stickers and spacers framework, the number of The Journal of Physical Chemistry B Article stickers and their "stickiness" control the saturation concentrations (c s ) and the coexistence curve for LLPS, whereas spacer residues weakly modulate these parameters. These expectations are completely in line with our observations on amino acid substitutions at the three stickers (P497, P506, and V564) and two spacers (P525, V538) ( Figure 1C,B) . Strikingly, not only did single amino acid substitutions alone substantially shift c s values but the effects of these substitutions followed particular trends to create a rich molecular code that governs UBQLN2 LLPS.
Self-association and LLPS of UBQLN2 are mediated by hydrophobicity involving either aliphatic or aromatic residues (Figure 2, Figure 4 ), in line with the hydrophobic composition of the amino acid sequence ( Figure 1B) . At position 506, decreased c s values for the LCST phase transition correlated with increased hydrophobicity of amino acid substitution ( Figure S5 ). Indeed, while we did not obtain phase diagrams for P497 mutants, the LCST transition temperatures for aromatic and hydrophobic substitutions at P497 followed the same trend as that at P506 ( Figure 1C ). LCST phase transitions require hydrophobicity. 22, 25, 32 UBQLN2 also has high proline and glycine content ( Figure 1B) , which is a frequent component of proteins that undergo LCST phase transitions, such as Pab1, tropoelastins, and the spindleassociated BuGZ protein. 14, 15, 33 UBQLN2 exhibits a closed-loop phase diagram with both LCST and UCST phase transitions, such that the protein solution is well-mixed either above the UCST or below the LCST (Figure 2A ). The thermodynamics of the underlying phase transitions can be explained by the entropic and enthalpic forces experienced by nonpolar particles in water as a function of temperature. 34 At low temperature, solubility of hydrophobic particles is high, partially due to water structuring around the hydrophobic groups. As temperature increases, the entropic cost to organize water also increases to a point at which solvent molecules are released from surrounding hydrophobic side chains, promoting demixing (phase separation) to minimize the free energy of the system. In polymer solutions, dehydration of hydrophobic groups is accompanied by attractive polymer−polymer interactions that also contribute to demixing. 35 As temperature increases further, entropy also increases promoting a UCST transition where homogeneous mixing of the polymer solution occurs. A decrease in polymer−polymer and solvent−solvent interactions also promotes mixing. 36 This UCST transition is not always observed, as biopolymers generally denature at high temperatures, but UBQLN2 450−624 remains well-behaved up to 60°C. 43 As illustrated in Figure 1B , more than 25% of UBQLN2 450−624 contains polar residues (Q, N, S, T). Therefore, the driving forces underlying UBQLN2 phase separation are likely due to a combination of the hydrophobic effect and polar interactions. Of note, polymers rich in polar residues (N, Q) undergo a collapse transition reminiscent of the intrachain collapse in hydrophobic biopolymers, even though the underlying forces for polar collapse likely include other interactions such as intrachain hydrogen bonding and amide−solvent interactions. 28, 37 Interestingly, the c s values for the LCST transition correlated well with the hydrophobicity of the amino acid substitution at P506 when all nonionizable residues were considered ( Figure S5B ). Polar substitutions also promoted aggregation ( Figure S2E ).
The polar groups in UBQLN2 likely modulate the UCST transition, as favorable polymer−polymer interactions among polar and/or ionizable tracts in intrinsically disordered proteins (IDPs) such as FUS and hnRNPA1 are considered drivers of UCST transitions in biopolymers. 6, 9 An increase and decrease in the UCST part of coexistence curves correspond to stronger and weaker polymer−polymer interactions, respectively. Complicating matters, hydrophobic groups also modulate UCST, and the effects of hydrophobic amino acid substitutions on the UCST transitions in UBQLN2 are certainly complex. At P506, increased hydrophobicity moderately tracks with decreased cloud-point temperatures for the UCST transition ( Figure S5A ). Our observations are opposite of what was seen in designed IDP polymers, for which UCST cloud points increased with increasing hydrophobicity. 38 Interestingly, our turbidity data profile for hydrophobic substitutions at P497 are in better agreement with Quiroz et al. 38 We must acknowledge that prolines are structure-disrupting amino acids. In addition, peptide bonds preceding prolines can isomerize between cis and trans conformations. Therefore, the differences in observed turbidity profiles for proline substitutions at different positions could be partially explained by changes to backbone conformation and flexibility. These observations emphasize the heterogeneity of the phase transition behavior for the same type of amino acid substitution even among the sticker positions.
Remarkably, Asp and Glu mutations at any of the five tested positions in UBQLN2 reduced phase separation and significantly compressed the phase-separating regime in the UBQLN2 phase diagram (Figure 2 ). Importantly, these acidic mutations are also phosphomimetic substitutions. These data highlight the potential impact of post-translational modifications such as phosphorylation on modulating phase separation behavior. However, the effect is likely very dependent on the electrostatics of the protein system involved. 8, 39 Material properties of the dense phase are also modified by amino acid substitutions. 9, 40 The liquid−liquid phase diagram therefore includes liquid-gel phase boundaries as schematized in Figure 5 . 6 Indeed, the stickers and spacers framework is one formalism that quantitatively addresses gelation. 13 We observed that hydrophobic and aromatic amino acid substitutions only in sticker position P506 showed significantly Figure 5 . Illustration of effects of UBQLN2 sticker and spacer substitutions on temperature−concentration phase diagrams. (A) Effects of spacer and different types of sticker substitutions on the shape of the phase diagram. Amino acid substitutions in sticker regions move the location and shape of the phase boundaries. However, high concentration arms are hypothetical and for illustration purposes only. We hypothesize that the high concentration arms of some of the sticker mutants also move as we observed changes to the material properties of the dense phase. (B) Effects of mutations on phase diagrams and viscoelasticity. Gray and yellow shapes represent regions where the dense phase is liquid-like and gel/aggregatelike, respectively. (left) Green arrow represents a condition where dense phase is liquid. (right) Green arrow represents a condition where dense phase is solid-like (i.e., gel-like consistency).
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Article slowed droplet fusion kinetics (Figure 3 ), and those same mutants exhibited increased oligomerization propensity (Figure 4) . At least in the UBQLN2 system, material properties of the dense phase appear linked to the propensity for UBQLN2 to oligomerize. We also noted that mutations that increased the propensity of oligomerization promoted UBQLN2 LLPS and led to slowed droplet fusion kinetics. 43 However, this is not always the case, as spacer mutations significantly slowed droplet fusion kinetics in the FUS family of proteins, 8 and physicochemical properties of spacers in multidomain proteins modulate the liquid−liquid and liquid−gel phase boundaries. 11 In summary, our work here provides a rich data set to be used as a benchmark for analytical and computational models of phase separation. While mean-field theories such as Flory− Huggins approximate phase separation behavior for several systems, 18, 41 sequence-dependent frameworks will be essential to capture the nuances of phase-separating systems such as UBQLN2. 42 The stickers and spacers framework has already been used to successfully examine the underlying forces of phase separation in the FET family of RNA-binding proteins. 8 Unraveling the complexities of solvent−solvent, polymer− polymer, and polymer−solvent interactions will establish the molecular code of phase-separating systems.
■ CONCLUSIONS
In this work, we put forth UBQLN2 450−624 as a model system to study the physicochemical molecular determinants of phase separation. We employed a battery of spectrophotometric, microscopy, and size exclusion chromatography experiments to systematically elucidate how amino acid substitutions at different positions in the protein sequence modulate phase separation. Experimental phase diagrams revealed that we can describe UBQLN2 as an associative polymer with stickers and spacers that drive and modulate phase separation behavior. Single amino-acid substitution can substantially shift coexistence curves in a residue typedependent manner. It is our expectation that our experimental data can be used to rigorously design and benchmark analytical models and molecular simulations of phase separation. This work can be used to elucidate effects of disease-linked mutations in phase-separating systems as well as to design thermoresponsive biopolymers.
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